Abstract: The aim of this study was to investigate the effects of dietary conjugated linoleic acid (CLA) on the cytotoxicity of peripheral blood lymphocytes in piglets. A total of forty 21-d-old Duroc × Large White × Landrace weaned piglets were randomly allocated into two treatment groups and fed with control diet or 2% CLA diet for 6 weeks. Dietary CLA significantly increased the number of peripheral blood CD8 + T lymphocytes (P < 0.05). Compared with the control group, cytotoxicity, perforin, and granzyme B mRNA expression of peripheral blood lymphocytes in piglets from the CLA-supplementation group increased by 29.98% (P < 0.01), 32.87% (P < 0.01), and 43.36% (P < 0.05), respectively. The piglets on the CLA diet had higher mRNA expression of Lck and Fyn in peripheral blood lymphocytes (P < 0.05). The content of C16:0 significantly increased in piglets from the dietary CLA-supplementation group (P < 0.05), whereas the content of C18:1 significantly decreased (P < 0.05). The CLA content of peripheral blood lymphocytes in piglets in the CLA diet group ranged up to 0.24% (P < 0.01). These results suggest that dietary CLA enhanced cytotoxicity of peripheral blood lymphocytes perhaps through changing its fatty acid composition.
Introduction
Conjugated linoleic acid (CLA) refers to a class of spatial and geometric isomers of linoleic acid containing conjugated double bonds, belonging to the polyunsaturated fatty acids family. Research has shown its various physiological activities such as immune modulation, anticancer effects, diabetes prevention, and weight control (Ip et al. 1991; Houseknecht et al. 1998; Islam et al. 2010; Eftekhari et al. 2013; Kim et al. 2013 ). In animal production, studies on the effects of CLA on immune function have thus far been conducted under normal physiological status or inflammatory challenge status (O'Shea et al. 2004; Zhang et al. 2005; Renner et al. 2012) .
Dietary CLA supplementation induced in vivo expansion of porcine CD8 + cells involving T-cell receptor (TCR)γQCD8αα T lymphocytes, TCRαβCD8β T lymphocytes, and enhanced specific CD8 + -mediated effector functions (Bassaganya-Riera et al. 2001) . In a test of piglets infected with pseudorabies virus and type 2 swine circovirus, dietary CLA significantly lessened the incidence of lung lesions and increased the specific ratio of effective CD8 + T lymphocytes (Bassaganya-Riera et al. 2002 . Long et al. (2011 Long et al. ( , 2012 reported that dietary CLA enhanced immune function in broiler chickens, particularly those of the infectious bursal disease virus (IBDV)-induced immunosuppressive status.
These above-mentioned findings indicated the effects of dietary CLA on activation, proliferation, and immune function of T lymphocytes. CD8 + T lymphocytes are the effectors of cell immunity, and cytotoxicity is an important indicator of T lymphocyte function. Therefore, it was speculated that dietary CLA increased cytotoxicity of peripheral blood lymphocytes in piglets. The authors are not aware of this having been previously established. The objective of this study was to investigate the effects of dietary CLA on the number and cytotoxicity of peripheral blood lymphocytes, mRNA expression of cytotoxicity markers (perforin, granzyme B), and more distal signaling proteins [lymphocyte-specific protein tyrosine kinase Lck (Lck) and proto-oncogene tyrosine-protein kinase Fyn (Fyn)], as well as fatty acids composition of their plasma membranes in piglets.
Materials and Methods

Experimental animals and housing
This experiment was conducted according to protocols approved by the Henan University of Animal Husbandry and Economy Animal Care and Use Committee. A total of forty 21-d-old Duroc × Landrace × Yorkshire weaned piglets were randomly assigned to two treatment groups. Each treatment had five replicates of four piglets each, and these were fed either a basal diet or a CLA-supplemented diet.
A corn soybean meal diet was used, and energy was adjusted using soybean oil. In the CLA diet, 2% soybean oil was replaced by 2% CLA to keep both the CLA-supplemented diet and the control diet isoenergetic. Composition and nutrient levels of the basal diet are shown in Table 1 . The experimental diets were formulated to meet or exceed the National Research Council (1998) requirements. The CLA was provided by the Qingdao Aohai Biology Technology Co., Ltd., and contained 80.80% conjugated dienes with 39.24% 9c, 11t-CLA, and 38.93% 10t, 12c-CLA, representing 96.74% of the contained isomers.
Piglets were raised in 2 m × 2 m net bed with adjustable stainless steel chute and nipple-type drinking water apparatus. Temperature was controlled at 25-27°C. The piglets were vaccinated using the routine immunization program and had free access to feed and water. The trial lasted for 6 weeks.
Growth performance
At the beginning and the end of trial, piglets were weighed after 18 h fasting, and feed intake was recorded for each replicate as a unit to calculate growth performance including the average daily gain (ADG) and feed/gain (F:G).
Blood sampling and lymphocyte analysis
Blood samples of one piglet from each replicate were collected into a heparin-coated anticoagulation vacuum tube by precava puncture on day 42 of the experiment. Peripheral blood mononuclear cells were isolated from heparinized whole blood by FicollPaque density gradient centrifugation as described by . Briefly, 3 mL heparinized whole blood was layered over 4 mL lymphocyte Ficoll-Paque density gradient centrifugation medium (density = 1.077; HaoYang Biological Manufacture Co. Ltd., Tianjin, China) in 10-mL centrifuge tubes and subjected to centrifugation (2500g) for 30 min. Approximately 1 mL mononuclear cell layer was collected and washed twice with RPMI-1640 medium (Gibco, Invitrogen Corporation, Scotland, UK). Subsequently, the cells were resuspended in complete RPMI-1640 medium supplemented with 10% (v:v) heatinactivated fetal calf serum, 10 5 U μL −1 of penicillin, 100 mg μL −1 of streptomycin, and 25 mmol μL −1 HEPES buffer (Sigma). The pH of the media was adjusted to 7.4 by the addition of a sterile solution of 56 g mL −1 sodium bicarbonate. The cells were counted on a hemocytometer using a light microscope, and viability was determined by the trypan blue exclusion method. Peripheral blood mononuclear cell subsets were measured by flow cytometry. The primary antibodies FITC-labeled mouse anti-swine CD3 + , and PE-labeled mouse antiswine CD4 + and CD8 + were diluted in PBS (containing 1 mmol mL −1 KH 2 PO 4 , 154 mmol mL −1 NaCl, 3 mmol mL −1 Na 2 HPO 4 , pH 7.2). The cells were resuspended at 1.0 × 10 6 cells mL −1 in PBS. The peripheral blood mononuclear cells were incubated with optimal concentrations of fluorescence-labeled CD monoclonal antibody for 30 min at 4°C in the dark. Cells were washed and resuspended in FACS buffer, and analyzed with a Beckman-Counter flow cytometer. A minimum of 10 4 viable cells from each experiment were analyzed. FITC-labeled mouse antiswine CD3 + antibody and PElabeled mouse antiswine CD4 + and CD8 + antibodies were purchased from the Southern Biotechnology Associates, Inc., Nanjing, China. Flow cytometry (BeckmanCounter) was provided by Henan Province Peoples' Hospital Blood Laboratory.
Cytotoxicity analysis
To stimulate peripheral blood mononuclear cells, a protocol for stimulation was followed using CD3 + and CD28 + monoclonal antibodies according to the manufacturer's instructions (mouse antiporcine CD3 + and mouse antiporcine CD28 + were purchased from the Abnova company). On 96-well cell culture plates, each piglet's lymphocytes and the monoclonal antibodies were mixed and incubated at 37°C in humidified atmosphere at 5% (v/v) of CO 2 for 4 h.
Peripheral blood mononuclear cells and target cells (sheep red blood cells) were cocultured at a 40:1 (effector: target) ratio in 96-well plates for 4 h. The percentage of specific lysis was determined from the amount of lactate dehydrogenase activity in culture supernatants. Lactate dehydrogenase was measured using the nonradioactive cytotoxicity lactate dehydrogenase detection kit (from Shanghai Jie Technology Co. Ltd.) in accordance with the manufacturer's instructions. Levels of released lactate dehydrogenase were expressed as described by Korzeniewski and Callewaert (1983) .
Real-time fluorescent PCR
Total RNA of peripheral blood mononuclear cells after activation was extracted using TRIzol reagent according to the manufacturer's instruction (Invitrogen, Carlsbad, CA, USA) and reversely transcribed according to a reverse transcription system (Promega, Madison, WI, USA). The following primers were used for the PCR reaction: perforin, F (Forward) 5′-CTTCCAGCGGAGCCACG GC-3′ and R (Reverse) 5′-GACCCTGAGTCCAGCGC-3′; granzyme B, F 5′-TGGGCTCGGCGTACGAGGG-3′ and R 5′-TGGCCTGGCTATCTAACTGG-3′; Fyn, F 5′-CCGGAT ATTGCTCCACG-3′ and R 5′-GCCTCCAGTGGGGCCTG-3′; and Lck, F 5′-CGTCAAGACGGGGTCCGTTGA-3′ and R 5′-CCGATGCTCGTGCCTCACC-3′. β-actin, F 5′-TCTGGT GGTACCACAATGTACCCT-3′ and R 5′-CCAGTAATTGG TACCGGCTCCTC-3′. cDNA was amplified by real-time PCR using the Applied Biosystem ABI-PRISM 7900 HT sequence detection system. Each PCR was carried out on 1 μL of cDNA (approximately 20 ng) mixed with 0.25 mmol of each primer, 5.3 μL of RNAse-free water, and 7.5 μL of SYBR Green PCR master Mix (ABI Company) for a final volume of 15 μL. Amplications were performed in the Applied Biosystem ABI-PRISM 7900 HT sequence detection system with β-actin as reference. The program was as follows: 2 min at 55°C and 10 min at 94°C followed by 40 cycles of 15 s denaturation at 94°C, 30 s annealing at 53.5-62°C, and 30 s primer extension at 72°C. Each sample had three replicates in a real-time PCR run.
Fatty acid composition of peripheral blood mononuclear cells
Cellular lipids of peripheral blood mononuclear cells were extracted and methylated according to a one-step extraction method (Bligh and Dyer 1959) , except that nhexane replaced benzene as solvent. The fatty acid analysis was done on an Agilent 6890 Series EGC System gas chromatograph equipped with an HP Innowax (30 mm × 0.32 mm inside diameter) cross-linked polyethylene glycol column and FID detector. The samples were analyzed under the following operating conditions: injector and detector temperature 250°C, programmed column temperature changed from the initial 210°C for 10 min, with a 2°C min −1 rate to the final temperature of 220°C, nitrogen gas flow 5 mL min −1 , hydrogen 40 mL min −1 , and air 450 mL min −1 . Fatty acids were identified by comparison of their retention times with that of the internal standard (C17:0, Fluka 51633). The results were expressed as a percentage of total fatty acid methyl esters.
Statistical analysis
Data were expressed as the means ± SD and the means were compared by Student's t test of SPSS 16.0 program.
A level of P < 0.05 was set as the criterion for statistical significance. Table 2 , the ADG and daily feed intake of the piglets were not different between the two groups (P > 0.05), whereas F:G of piglets in the CLAsupplementation group decreased by 6.28% compared with the control (P < 0.05), indicating that dietary CLA improved the feed conversion rate of piglets.
Results
As shown in
As shown in Table 3 , dietary CLA-supplementation did not change the number of CD3 + and CD4 + T lymphocytes of peripheral blood (P > 0.05), but significantly increased the number of CD8 + T lymphocytes (P < 0.05). Peripheral blood mononuclear cells of the piglets from the CLA-supplementation group exhibited higher cytotoxicity than those from the control diet group (Table 4) . Compared with the control group, mRNA expression of perforin, granzyme B, Lck and Fyn of piglets from the CLA-supplementation group increased by 32.87% (P < 0.01), 43.36% (P < 0.05), 39.04% (P < 0.05), and 35.85% (P < 0.05), respectively.
The quantitatively most abundant fatty acids of peripheral blood lymphocytes were C18:0, C16:0, C18:1, C18:2, C20:4, and C22:5 (Table 5 ). The content of C16:0 significantly increased in piglets from the dietary CLA-supplementation group (P < 0.05), whereas the content of C18:1 significantly decreased (P < 0.05), but no difference was observed in the content of other fatty acids between the two groups (P > 0.05). Peripheral blood lymphocytes in piglets from the control group contained almost no CLA, but CLA content of peripheral blood lymphocytes in piglets in the CLA diet group ranged up to 0.24% (P < 0.01).
Discussion
In the present study, dietary CLA supplementation did not change the number of peripheral blood CD3 + , CD4 + T lymphocytes (P > 0.05), but significantly increased the number of CD8 + T lymphocytes (P < 0.05). The increase in CD8 + T-cells is consistent with the results of previous studies in pig models of immunomodulation (Bassaganya-Riera et al. 2001 , 2002 . CLA fed to pigs at 1.33 g/100 g diet for 42 d modulated phenotype and effector functions of porcine CD8 + T lymphocytes, inducing in vivo expansion of T-cell receptor-αβCD8αα and T-cell receptor-αβCD8αβ cells (Bassaganya-Riera et al. 2001) . With use of a similar porcine model with longer-term feeding of CLA (1.33 g 100 g -1 diet) for 75 d, BassaganyaRiera et al. (2002) demonstrated that CLA enhanced the ability of CD8 + T-cells to proliferate when stimulated with viral antigens. A study examined the effects of CLA on PCV2-infectivity in a pig model; the histopathologic improvement of the lungs was correlated with greater numbers of CD8 + T-cells in PCV2-infected pigs fed CLA (Bassaganya-Riera et al. 2003) . Moreover, in the absence of exogenous stimuli such as viral infection and lipopolysaccharide stimulation, dietary CLA increased the percentages of CD8 + T lymphocytes in peripheral blood, thymus, and spleen of mice and poultry (Yamasaki et al. 2003; Zhang et al. 2005 ). Note: Means on the same line without the same lowercased italic letters differ significantly. A level of P < 0.05 was set as the criterion for statistical significance. Results were expressed as means ± SD (n = 20, five replicates of four piglets each). Note: Means on the same line without the same lowercased italic letters differ significantly (P < 0.05). Results were expressed as means ± SD (n = 5, five replicates of one piglet each). Entries μL −1 represents the number of differentiation antigen CD 3+ , CD 4+ , CD 8+ microliter of whole blood (n = 5, five replicates of one piglet each). Note: Means on the same line without the same italic letters differ significantly (P < 0.05). Means in the same line without the same uppercased italic letters differ extremely significantly (P < 0.01). Results were expressed as means ± SD (n = 5, five replicates of one piglet each). R means relative mRNA expression with β-actin as reference.
In our study, the piglets fed the CLA-supplemented diet showed higher cytotoxicity. This outcome is consistent with in vitro experiments in which CLA alone and in combination with beta-carotene stimulated mitogen-induced proliferation and cytotoxic activity in porcine blood lymphocytes (Chew et al. 1997) . In the present study, dietary CLA-supplementation resulted in the increased mRNA expression of perforin and granzyme B, effector molecules produced by cytotoxic T-cells in peripheral blood lymphocytes. This result was consistent with higher cytotoxicity resulting from dietary CLA supplementation. CD8 + T lymphocytes are the effectors of cell immunity, directly destroy infected cells and inhibit immune injury mediated by Th1 and Th2 CD4 + T lymphocytes, and play an important role in the body's immune resistance to viral infection. Therefore, increases in the number of peripheral blood CD8 + T lymphocytes and expression of effector molecules may lead to an improvement in antiviral capacity of piglets. A study examined the effects of CLA on viral infectivity in a pig model of virally induced immunosuppression (Bassaganya-Riera et al. 2003) . The histopathologic examination of the lungs revealed that the interstitial pneumonia tended to be more severe in infected pigs fed the control diet, which were also affected by growth retardation (Bassaganya-Riera et al. 2003) . These histopathologic improvements correlated with greater numbers of CD8 + T-cells in PCV2-infected pigs fed CLA (Bassaganya-Riera et al. 2003) .
Although the mechanism of CLA action is still not fully defined in molecular terms, it is becoming increasingly clear that CLA is incorporated into cell membranes and alter cell membranes lipid microdomain composition, thereby favorably modulating the relay of extracellular signals from surface receptors to downstream signaling networks. We analyzed the fatty acids profiles of peripheral blood mononuclear cells and found that peripheral blood lymphocytes in piglets in the control group contain almost no CLA, whereas the CLA content of the peripheral blood lymphocytes in the dietary CLA group ranged up to 0.24% (P < 0.01). This result indicated that CLA, like other fatty acids, could be deposited in peripheral blood mononuclear cells (Agatha et al. 2004; Burdge et al. 2004 ). The supplementation of dairy cows with 50 g d −1 CLA increased the proportion of trans-10, cis-12 CLA of total fatty acids in the lipid fraction of peripheral blood mononuclear cells, and the proportion of trans-9 C18:1 and cis-12 C24:1 was reduced in the CLA group (Renner et al. 2012) . After 3.9 g d −1 of a mixture of CLA isomer supplementation for 63 d, total CLA concentration increased from 0.012 to 0.97% (P < 0.01) in peripheral blood mononuclear cells' lipids in humans, but it did not significantly alter the concentration of other fatty acids (Kelly et al. 2001) . Moreover, in vitro, CLA isomers supplemented in the culture medium were readily incorporated and esterified into phospholipids in the four cell lines (K562, REH, CCRF-CEM, and U937 cells) in a concentration-and timedependent manner (Agatha et al. 2004) .
The deposition of CLA in the immune cell membrane may change fatty acids composition, protein distribution, and conformation of the immune cell membrane and influenced activation of receptor molecules on the cell membrane, cellular signal transduction, and immune function (Ringseis et al. 2008; Kim et al. 2010; Hsu and Ip 2011) . In line with this idea, we detected the effects of dietary CLA on proximal signal transduction of peripheral blood lymphocytes of piglets. Lck and Fyn are the members of the tyrosine protein kinase family, after clustering and mutual phosphorylation, phosphorylate a tyrosine on the ζ-chain of CD3, and then subsequently activate the cytosolic protein ZAP-70, an initiating signal of T lymphocyte activation. The present experiment showed that dietary CLA significantly increased mRNA expression of Lck and Fyn in peripheral blood lymphocytes and was accompanied by changes in fatty acid composition of peripheral blood mononuclear cells. Considered together, these findings supported the possibility that dietary CLA may regulate CD8 + T lymphocyte function through changing the composition and conformation of peripheral blood mononuclear cell membranes and thereby influencing signal transduction. Lipid microdomain, cholesterol, and sphingolipid-enriched rafts have been proposed as platforms for compartmentalizing dynamically regulated signaling assemblies at the plasma membrane. In order to clarify the relationship between fatty acids and the cytoxicity of peripheral blood CD8 + T Note: Means in the same line without the same italic letters differ significantly (P < 0.05). Means in the same line without the same uppercased italic letters differ extremely significantly (P < 0.01). Results were expressed as means ± SD (n = 5, 5 replicates of 1 piglet each). MCFA means medium-chain fatty acids (C10-C14). Other CLA included c11, t13, c9,c11, c10,c12 and t9,t11-CLA.
lymphocyte, future studies are needed in order to detect the composition and conformation of lipid rafts on peripheral blood CD8 + T lymphocyte.
Conclusions
Under the experimental conditions used in the present study, dietary CLA increased the number and cytotoxicity of peripheral blood CD8 + T lymphocyte. CLA may play a role through changing the composition, conformation, and signal transduction of peripheral blood lymphocytes.
